Abstract Wine lees, a major waste product of winemaking, is a rich source of polyphenolic compounds. LED-light irradiation at 400-nm elicited microbicidal activity of aqueous extract from wine lees (WLE) against Staphylococcus aureus, Pseudomonas aeruginosa, and Candida albicans, in addition to reactive oxygen species (ROS) formation, including hydroxyl radical (ÁOH) and hydrogen peroxide (H 2 O 2 ). Although treatment for 20 min of photoirradiation alone exerted bactericidal activity with a 2-to 3-log reduction, photoirradiated WLE for 20 min achieved a 5-log or greater reduction in viable S. aureus and P. aeruginosa cells. Regarding C. albicans, a 1-log reduction (90 % reduction) of viable cells was achieved by photoirradiated WLE for 40 min, whereas photoirradiation alone did not show any fungicidal effect. ROS analyses revealed that approximately 170 lM ÁOH and 600 lM H 2 O 2 were generated in photoirradiated WLE for 20 min. Because the bactericidal activity of photoirradiated WLE was abolished by ÁOH scavengers, ROS, especially highly oxidative ÁOH, may be responsible for the microbicidal activity of photoirradiated WLE. In addition to its microbicidal activity, WLE may act as an antioxidant as it exerted radical scavenging activity against 2,2-diphenyl-1-picrylhydrazyl, a stable free radical.
Introduction
Polyphenolic compounds have been noted for their antioxidant activities (Kondo et al. 1999; Liu et al. 2000; Yilmaz and Toledo 2004) . In addition to antioxidant activity, their prooxidant potential has been applied to various fields such as anticancer treatment. It was reported that an important anticancer mechanism of plant polyphenols is mediated through intracellular copper mobilization and reactive oxygen species (ROS) generation, which is a characteristic feature of pro-oxidant properties of polyphenolic compounds, leading to cancer cell death (Khan et al. 2014) . In our previous studies, the pro-oxidant potential of polyphenols was applied to the development of a novel disinfection technique (Nakamura et al. 2012b (Nakamura et al. , 2013 (Nakamura et al. , 2015 . Exposing an aqueous solution of polyphenols to blue light led to photooxidation of the polyphenolic hydroxyl group, resulting in the generation of hydrogen peroxide (H 2 O 2 ) produced via electron transfer from photooxidized polyphenols to dissolved oxygen. H 2 O 2 , in turn, is homolytically cleaved by blue light, resulting in the generation of hydroxyl radicals (ÁOH), which are a main contributor of bactericidal activity.
The grape is the largest fruit crop in the world. The annual production worldwide amounts to almost 70 million tons, approximately 80 % of which is used to make wine ( FAO 2014) . However, the winemaking process generates large amounts of waste materials or byproducts. The waste from the winemaking process can be divided into three categories: pomace, clarification sediment (such as lees), and yeast sediment. The generated amount of waste depends on the condition of the grapes at the time of harvest, as well as the processing method used. In extreme cases, this can result in waste levels of up to 20 % of the harvested mass (Russ and Meyer-Pittroff 2004) . Thus, waste materials or byproducts obtained from the winemaking process could be a valuable resource to be recycled.
One particular byproduct obtained from the winemaking process is wine lees, which may be a good resource to be recycled such as a sustainable source for economic nutrients (Perez-Bibbins et al. 2015) . Wine lees are generated during fermentation and the aging process. The solid fraction of lees primary consists of yeast biomass, insoluble carbohydrates (such as cellulosic or hemicellulosic materials), phenolic compounds, lignin, proteins, inorganic salts, organic acid salts (mainly tartrates), and other materials, while the liquid phase is rich in ethanol and organic acids (Perez-Bibbins et al. 2015) . As it was reported that wine lees can be applied to the recovery of value-added phytochemicals due to the ability of yeast to form molecular interactions with phenolic compounds (Mena et al. 2014) , it is anticipated that the profile of phenolic compounds in lees might differ from that in the residue of crushed grapes.
Recent studies suggested that natural substances, such as naturally occurring phenolic compounds, that possess antibacterial and antioxidative activities are required for food preservatives and sanitizers (Kang et al. 2013; Xu et al. 2014) .
H 2 O 2 is an effective microbicide commonly used in the food industry (Demrkol 2009; Yun et al. 2012) . We hypothesized that the major ROS generated in photoirradiated aqueous extract of wine lees are H 2 O 2 and ÁOH. Thus, photoirradiated wine lees may be a novel alternative to H 2 O 2 in the food industry.
Materials and methods

Reagents
Reagents were purchased from the following sources: 5,5-dimethyl-1-pyrroline N-oxide (DMPO) from Labotec (Tokyo, Japan); catalase from bovine liver, H 2 O 2 , dimethyl sulfoxide (DMSO), thiourea, and L-ascorbic acid from Wako Pure Chemical Industries (Osaka, Japan); 4-hydroxy-2,2,6,6-tetramethylpiperidine N-oxyl (TEMPOL) from Sigma-Aldrich (St. Louis, MO, USA); and 2,2-diphenyl-1-picrylhydrazyl (DPPH) from Tokyo Chemical Industry (Tokyo, Japan). All other reagents used were of analytical grade.
Preparation of aqueous extract of wine lees
Strained wine lees were obtained from a white wine grape variety (Niagara) harvested in Hokkaido, Japan after fermentation for 1-2 weeks and freeze-dried. Pure water (at a ratio of 3 ml pure water per 1 g powder) was added to the dried lees powder, and the resultant mixture was agitated at 150 rpm overnight at room temperature. The upper layer was taken and centrifuged at 10009g for 20 min, and the supernatant was collected. Following membrane filtration (pore size, 0.22 lm), the supernatant was subjected to total polyphenol determination using the Folin-Denis method in which gallic acid was used as a standard (Schanderl 1970) . The aqueous extract solution (hereafter termed WLE) was adjusted to contain 0.2 mg total polyphenol/ml with pure water and stored at -20°C until further analysis. In the DPPH scavenging assay, WLE was further freeze-dried and tested. One gram of freeze-dried WLE was obtained from 58.7 ml of WLE.
Light source
An experimental device equipped with a light emitting diode (LED) with a wavelength of 400 nm (NHH105UV, Lustrous Technology, Shiji, Taiwan) was used. The output power of the LED measured using a power meter (FieldMate, Coherent, Santa Clara, CA, USA) was set at 400 mW per LED corresponding to an irradiance of 130 mW/cm 2 at a distance of 15 mm from the LED. A four-sided, clear methacrylate plastic cuvette containing the sample was placed in the experimental device. LED-light irradiation was performed on both sides of the plastic cuvette (total irradiance: 260 mW/cm 2 ).
Microbicidal assay
Staphylococcus aureus JCM 2413, Pseudomonas aeruginosa JCM 6119, and Candida albicans JCM 153 purchased from the Japan Collection of Microorganisms, RIKEN BioResource Center (Wako, Japan) were used. Each suspension of S. aureus and P. aeruginosa was prepared in sterile physiological saline from a culture grown on brain heart infusion (BHI) agar (Becton-Dickinson Labware, Franklin Lakes, NJ, USA) aerobically at 37°C overnight. A suspension of C. albicans was prepared in sterile physiological saline from a culture grown on Sabouraud dextrose agar (SDA) at 37°C overnight. In a plastic cuvette, 450 ll of WLE or pure water was mixed with 50 ll of the bacterial or fungal suspension to reach a final concentration of approximately 10 7 colony forming units (CFU)/ ml for the two bacterial strains and 10 7 cells/ml for C. albicans. Then, the samples were exposed to LED light for 10, 20, or 40 min. After irradiation, 50 ll of the sample was mixed with an equal volume of sterile catalase solution (5000 U/ml phosphate buffer [pH 7.4]) to terminate the bactericidal effect of H 2 O 2 generated by photooxidation of polyphenols in WLE. A tenfold serial dilution of the mixture was prepared using sterile physiological saline, and 10 ll of the diluted solution were seeded onto a BHI agar plate for bacteria or a SDA plate for C. albicans. The agar plates were cultured as described above for 2 days, and the CFU/ml or cells/ml was determined. In addition, as controls, samples were kept for 10, 20, or 40 min in a lightshielding box, instead of being exposed to LED light, and subjected to the same procedures. The initial bacterial count (inoculum size) was evaluated using the viable counting method, and the initial count of C. albicans was microscopically determined.
Because one of the potential pivotal constituents of photoirradiated WLE is H 2 O 2 , the bactericidal and fungicidal effects of 3 % H 2 O 2 , which is within the range of commonly-used concentrations for food sanitary research (Demrkol 2009; Mcwatters et al. 2002; Ukuku and Fett 2004) , were also examined. In a plastic cuvette, 450 ll of H 2 O 2 or pure water was mixed with 50 ll of S. aureus or C. albicans suspension to reach final concentrations of 3 % (w/v) for H 2 O 2 , approximately 10 7 CFU/ml for S. aureus and 10 7 cells/ml for C. albicans. Control samples kept for 10, 20, or 40 min in a light-shielding box were also subjected to the bactericidal and fungicidal assays, as described above. All tests were performed in triplicate.
To determine if the bactericidal effect of photoirradiated WLE could be attributable to ÁOH, DMSO or thiourea, which are well-known ÁOH scavengers (Dorfman and Adams 1973; Halliwell and Gutteridge 2007) , were added to the reaction mixture. The reaction mixture consisting of 425 ll of WLE, 50 ll of S. aureus suspension and 25 ll of DMSO or thiourea was prepared to reach final concentrations of approximately 10 7 CFU/ml S. aureus and 700 mM for DMSO or 150 mM for thiourea. Then, the samples were irradiated with LED light for 20 min. The CFU/ml was determined after each treatment as described above. All tests were performed in triplicate.
Electron spin resonance (ESR) analysis of ÁOH and colorimetric determination of H 2 O 2
Qualitative and quantitative analyses of ÁOH generated by photoirradiation of WLE were performed using an ESR spin trapping technique as reported previously (Nakamura et al. 2010a ). An aliquot (483 ll) of undiluted or 2-8-fold diluted WLE was mixed with 17 ll of DMPO in a plastic cuvette to reach a final concentration of 300 mM DMPO. Then, the sample was irradiated with LED light for 0, 10, 20, and 60 s. After irradiation, the sample was transferred to a quartz cell for ESR spectrometry, and the ESR spectrum was recorded on an X-band ESR spectrometer (JES-FA-100, JEOL, Tokyo, Japan). The measurement conditions for ESR were as follows: field sweep, 331.89-341.89 mT; field modulation frequency, 100 kHz; field modulation width, 0.1 mT; amplitude, 200; sweep time, 2 min; time constant, 0.03 s; microwave frequency, 9.420 GHz; and microwave power, 4 mW. TEMPOL (2 lM) was used as a standard to calculate the concentration of spin-trapped radicals, and the ESR spectrum of manganese held in the ESR cavity was used as an internal standard.
Because linearity of the increase in DMPO-OH, a spin adduct of DMPO and ÁOH, was confirmed in all undiluted and diluted WLE within 10 s of irradiation, the two following experiments were conducted. First, to examine whether ÁOH was continuously generated during LEDlight irradiation for 20 min, undiluted and eightfold diluted WLE were irradiated with LED light for 20 min, and then DMPO was added to each photoirradiated sample to reach a final concentration of 300 mM. Immediately after addition of DMPO, the sample was further irradiated with LED light for 10 s. Then, ESR analysis was performed as described above. Second, to estimate the amount of ÁOH generated in undiluted photoirradiated WLE for 20 min, an aliquot (483 ll) of undiluted WLE in a plastic cuvette was irradiated with LED light for 0, 0.5, 1, 2, 3, 4, 5, 10, and 20 min in the absence of DMPO. Then, 17 ll of DMPO was added to each cuvette to reach a final concentration of 300 mM, and the cuvette was again irradiated with LED light for 10 s followed by ESR determination of DMPO-OH, as described above. Because the slope of each linear line for the DMPO-OH yield from 0 to 10 s indicates the velocity of ÁOH generation (lM/s), the area under the curve, which is a function of the velocity of ÁOH generation and LED-irradiation time without DMPO, was calculated to estimate the amount of ÁOH generated for 20 min of LED-light irradiation.
For H 2 O 2 determination, 500 ll of undiluted WLE in a plastic cuvette was irradiated with LED light for 0, 5, 10, and 20 min. Immediately after irradiation, the H 2 O 2 concentration was determined using a colorimetric method based on the peroxide-mediated oxidation of Fe 2? followed by the reaction of Fe 3? with xylenol orange (Jiang et al. 1990 ). All tests were performed in triplicate.
Scavenging effect on the stable radical DPPH Freeze-dried WLE and L-ascorbic acid were dissolved in pure water followed by filtration (pore size, 0.22 lm). An aliquot (80 ll) of each aqueous solution was mixed with 16 ll of 100 mM Tris-HCl buffer (pH 7.5), 64 ll of 100 % ethanol, and 40 ll of 1 mM DPPH dissolved in 100 % ethanol in a well of a 96-well microplate. The plate was then left in a light-shielding box for 20 min. Absorbance at 520 nm was read by a microplate reader (FilterMax F5, Molecular Devices, Sunnyvale, CA, USA). The rate of DPPH scavenging was calculated according to the following equation:
([A520 of the solvent control-A520 of the specimen]/ A520 of the solvent control) 9 100, where A520 is absorbance at 520 nm. All tests were performed in duplicate.
Statistical analyses
Statistical differences in the viable counts obtained in the microbicidal assay were assessed by the Tukey-Kramer HSD multi-comparison test. Statistical analysis of results obtained from the microbicidal assay was performed following logarithmic conversion. When colonies were not detected, the value of the detection limit (10 2 CFU/ml) was used for the statistical analysis. Regarding the yield of H 2 O 2 , since H 2 O 2 was not detected in the pure water group, statistical significance for the remaining four groups was assessed by the Tukey-Kramer HSD multi-comparison test. P \ 0.05 was considered to be significant.
Results and discussion
Microbicidal assay
The result of the bactericidal assay against S. aureus is summarized in Fig. 1 . Under the condition without LEDlight irradiation, WLE kept in a light-shielding box for 10 and 20 min showed almost no bactericidal activity in comparison with that of the corresponding pure water groups. LED-light irradiation alone showed slight bactericidal activity. LED-light irradiation of pure water for 10 and 20 min showed an approximate 1.5-and 2.5-log reduction of viable bacterial counts, respectively, compared with the corresponding pure water groups without LED-light irradiation. Furthermore, LED-light irradiation of WLE for 10 min effectively killed the bacteria with an approximate 3-log reduction, and LED-light irradiation for 20 min achieved a 5-log reduction. The results of the bactericidal assay against P. aeruginosa and the fungicidal assay against C. albicans are summarized in Fig. 2 . Similar to S. aureus, although LED-light irradiation of P. aeruginosa in pure water for 20 min showed an approximate 3-log reduction of viable bacterial counts, LED-light irradiation of the bacteria in WLE for 20 min effectively killed the bacteria with a [5-log reduction. Unlike the two bacterial species tested, LED-light irradiation of C. albicans in pure water for 40 min showed almost no fungicidal effect. When C. albicans in WLE were irradiated with LED light for 40 min, the fungi were killed with an approximately 1-log reduction (90 % reduction). The effect of 3 % H 2 O 2 as a reference disinfectant revealed that treatment of S. aureus showed a time-dependent bactericidal activity, and 20 min-treatment achieved a 5-log reduction of viable cells (Fig. 3) . In contrast, treatment of C. albicans with 3 % H 2 O 2 showed almost no fungicidal effect, and even 40-min treatment resulted in only a slight reduction of viable cells.
These results clearly demonstrate that LED-light irradiation of WLE at 400 nm had the ability to elicit bactericidal activity comparable to that of 3 % H 2 O 2 , which is within the range of commonly-used concentrations for food sanitary research. Regarding the fungicidal activity, photoirradiated WLE against C. albicans appears to be more potent than 3 % H 2 O 2 . One of the reasons that C. albicans is resistant to 3 % H 2 O 2 could be the catalase activity of C. albicans cells. It was reported that the catalase activity of C. albicans cells was comparable to that of aerobes (Nakamura et al. 2010b) , which would result in resistance to oxidative stress (Nakamura et al. 2012a ).
In the experiment in which the effect of ÁOH scavengers was examined, LED-light irradiation of WLE for 20 min resulted in a [5-log reduction of viable S. aureus cells. This bactericidal activity of photoirradiated WLE was completely abrogated in the presence of 700 mM DMSO and 150 mM thiourea, and the viable bacterial counts in both cases were similar or even superior to that in the photoirradiated pure water group (Fig. 4) . Thus, the results strongly suggest that the major contributor to the bactericidal effect of photoirradiated WLE is ÁOH.
ESR analysis of ÁOH and colorimetric determination of H 2 O 2
When WLE was irradiated with LED light in the presence of 300 mM DMPO, the ESR signal of DMPO-OH was detected. The presence of the spin adduct was confirmed by hyperfine coupling constants of a N = a H = 1.49 mT for DMPO-OH (Buettner 1987) . Figure 5 summarizes the yields of DMPO-OH after LED-light irradiation of undiluted and diluted WLE. The yield increased in an irradiation time-and WLE concentration-dependent manner. Within 10 s of irradiation, linearity of the increase in DMPO-OH was confirmed in all undiluted and diluted WLE (Fig. 5) . To examine whether ÁOH was continuously generated during LED-light irradiation, undiluted and eightfold diluted WLE irradiated with LED light for 20 min in the absence of DMPO was furthered irradiated with LED light for 10 s in the presence of 300 mM DMPO. This resulted in an approximate 75 % reduction of the DMPO-OH yield in both cases as compared to the yield without prior LED-light irradiation for 20 min (Fig. 5) . Furthermore, to estimate the amount of ÁOH generated in undiluted photoirradiated WLE for 20 min, WLE was irradiated with LED light for 0, 0.5, 1, 2, 3, 4, 5, 10, and 20 min in the absence of DMPO. Then, ESR determination of DMPO-OH generated in 10 s of additional LED-light irradiation with DMPO was conducted. The curve of the function of velocity of ÁOH and LED-light irradiation time indicated that the estimated total amount of ÁOH generated in undiluted photoirradiated WLE for 20 min was 169 lM (Fig. 6) . WLE with LED light generated H 2 O 2 in an irradiation time-dependent manner (Fig. 7) . In contrast, only a small According to the ESR analysis, ÁOH was generated in an irradiation time-and WLE concentration-dependent manner, at least up to 20 s of irradiation. However, once photoirradiation was increased to 20 min without DMPO, the yield of DMPO-OH generated for 10 s of additional photoirradiation decreased to approximately one fourth of that obtained by 10 s of photoirradiation without prior irradiation, indicating that the velocity of ÁOH generation decreased gradually with irradiation time (0-20 min). Nonetheless, the total amount of ÁOH generated in 20 min was estimated to be approximately 169 lM. Our previous result using photolysis of H 2 O 2 as an ÁOH generation system suggested that 200-300 lM ÁOH yielded within 3 min would be needed to produce a [5-log reduction in S. aureus (Ikai et al. 2010) . Thus, the amount of ÁOH obtained in the present study would be sufficient to kill the bacteria within 20 min. As H 2 O 2 was also detected in photoirradiated WLE in an irradiation time-dependent manner, ÁOH is likely generated via photolysis of H 2 O 2 .
Scavenging effect on the stable radical DPPH
Freeze-dried WLE and L-ascorbic acid scavenged DPPH in a concentration-dependent manner (Fig. 8) , showing that WLE possesses antioxidant potential. However, the effect of freeze-dried WLE was much less potent than that of Lascorbic acid. The effective concentrations showing 50 % scavenging of freeze-dried WLE and L-ascorbic acid were 7.85 and 0.02 mg/mL, respectively, indicating that the activity of 1 g freeze-dried WLE corresponds to that of 0.0025 g L-ascorbic acid. In other words, 1 L of WLE would possess antioxidant potential equivalent to approximately 40 mg L-ascorbic acid. Previous studies showed that 0.05 % (500 mg/L) ascorbic acid was effective not only to prevent the degradation of phenolic compounds in fresh lettuce (Altunkaya and Gökmen 2009) , but also lipid oxidation of ground beef (Ismail et al. 2009 ). Therefore, Fig. 4 Influence of ÁOH scavengers on the bactericidal effect of photoirradiated WLE. LED-light irradiation was performed for 20 min. Each value indicates the mean of triplicate determinations with the standard deviation. Significant differences (P \ 0.01) within each group are denoted by lowercase letters (i.e., bars with the different letter are significantly different) WLE may be applicable as a food preservative and sanitizer in terms of antioxidative potential if concentrated WLE is used (e.g., tenfold concentrated).
Regarding the potential application of photoirradiated WLE, one of the specific examples is as a sanitizer for fresh fruits and vegetables. Although the consumption of fresh fruits and vegetables is essential to deliver health benefits (Wang et al. 2014) , fruits and vegetables must be sanitized to avoid disease outbreaks associated with microbial contamination (Callejon et al. 2015; Kozak et al. 2013; Lynch et al. 2009; Mellmann et al. 2011) . The major limitation of the present study was that the effect of photoirradiated WLE was examined only in in vitro conditions. Thus, further study to simulate real-world situations is needed.
Conclusion
Photoirradiated WLE showed comparable microbicidal activity to the bactericidal and fungicidal effects of 3 % H 2 O 2 , which was within the range of commonly used concentrations for food sanitary research. Therefore, photoirradiated WLE could be a novel alternative to H 2 O 2 for use in the food industry. 
